The Upper Jurassic Mengyin Formation sandstones are important targets for petroleum exploration in Dongying Depression of Bohai Bay Basin, Eastern China. Although the current burial depth of the Upper Jurassic Mengyin Formation sandstones is shallow (900-2500 m), the reservoir rocks are characterized by low porosity and low permeability due to the complex diagenetic modifications after deposition. Experimental tests and statistical methods, such as thin section, scanning electron microscopy (SEM), cathodoluminescence (CL), high pressure mercury injection (HPMI) and fluid inclusion analysis are conducted to delineate the mineralogical, petrographic and petro-physical characteristics. Results show that physical and chemical processes, including burial depth, burial and thermal history and pore fluid evolution, are both important for the diagenetic modifications that result in a variety changes in pore system and reservoir quality. According to numerical simulation of porosity evolution during lengthy burial and thermal history, porosity loss due to the early deep burial process under the high paleo-geothermal gradient can reach about 20%. Moreover, the burial history (effective stress and temperature) has a better guidance to reservoir quality prediction compared with current burial depth. The extensive compaction in sandstones also resulted in extremely low pore fluid flow during subsequent diagenetic processes, thus, the reaction products of dissolution cannot be removed, which would be precipitated as carbonate cements during stable reburial phase. Dissolution resulted from uncomformity-related meteoric flushing have been the most important porosity-enhancing factor in Mengyin Formation sandstones in spite of low thin section porosity averaged out to 3.22%. Secondary pores derived from dissolution of unstable silicates are more likely to develop in sandstones near the regional unconformity. The oil source fault activities may enhance the heterogeneity of reservoir rocks and control the reservoir quality by inducing micro-fractures and providing the main pathways for hydrocarbon migration.
Introduction
Reservoir quality is one of the important factors to control hydrocarbon accumulation and recovery efficiency [1] [2] [3] [4] [5] [6] . Investigation of the controls on reservoir quality are of great importance for prediction of reservoir heterogeneity and management of oil and gas recovery. Significant efforts have been focused on the controlling factors of reservoir quality [7] [8] [9] [10] [11] [12] [13] . These studies confirmed that the initial sedimentary settings, diagenetic modifications and tectonic activities are the primary factors controlling Jurassic strata was subjected to prolonged erosion and weathering since the late Cretaceous [22, 23] . The activity of Gaoing fault caused the formation of several unconformities in Gaoqing area from Jurassic to Paleogene, among which the uplift in the late Paleogene period (approximately 24 Ma-22 Ma) contributed to the formation of a regional unconformity between Ng Formation and the underlying layers ( Figure 1C ). The Gaoqing fault and its secondary faults are considered to acts as the important vertical migration pathways for the long-distance migration of oil and gas in this area, which profoundly influence the distribution of oil and gas [36] . As a boundary between the Gaoqing area and Boxing Sag in the east of the study area, the Gaoqing fault is a long-term active basement normal fault and it largely controls the structural features of study area [35] . The Gaoqing fault has been active since the late Cretaceous, and the intensity of fault activity reached a peak in Paleogene. The strata in Gaoqing area was uplifted due to the fault activity, which resulted in the formation of Qingcheng Bulge (Figure 2 ), and the Upper Jurassic strata was subjected to prolonged erosion and weathering since the late Cretaceous [22, 23] . The activity of Gaoing fault caused the formation of several unconformities in Gaoqing area from Jurassic to Paleogene, among which the uplift in the late Paleogene period (approximately 24 Ma-22 Ma) contributed to the formation of a regional unconformity between Ng Formation and the underlying layers ( Figure 1C ). The Gaoqing fault and its secondary faults are considered to acts as the important vertical migration pathways for the long-distance migration of oil and gas in this area, which profoundly influence the distribution of oil and gas [36] . 
Stratigraphy and Depositional Facies
According to the wells (well G41, G54, G56 and G59) drilling, the sediments deposited in the Gaoqing area are characterized by the Archean Taishan group, Lower Paleozoic Cambrian and Ordovician system, Upper Paleozoic Carboniferous and Permian system, Mesozoic Jurassic and Lower Cretaceous system, Cenozoic Paleogene, Neogene and the overlying Quaternary system, from base to top. In the southern uplift, since the coarse clastic rocks underlying the Neogene Guantao (Ng) Formation were eroded, the Neogene dominated by mudstones directly cover the different layers of Mesozoic.
The Jurassic Mengyin Formation (J3m) in the Gaoqing area are important hydrocarbon producing layers, with current burial depth reaching up to 900-2500 m. During the deposition of the Mengyin Formation (J3m), the braided delta front deposition was widely developed in the low accommodation space due to the semi-arid-humid climate in the Gaoqing area [37] . The braided rivers channel sand bodies were characterized by poor lateral continuity and high degree of mutual cutting. The deposits of Mengyin Formation (J3m) are dominated by greyish fine-grained sandstones with interbedded mudstones or siltstones ( Figure 1D ).
Material and Methods
All the samples examined in this study were collected from the cored intervals of the Upper Jurassic Mengyin Formation in the Gaoqing area. Four wells (well G41, G54, G56 and G59) were selected for various core-based measurements due to their availability and accessibility of cores.
Routine rock properties measurements, including helium porosity and air permeability analysis, were conducted on 465 core samples with 2.54 cm in diameter and 5 cm in length to reveal macroscopic petrophysical properties of reservoir rocks.
In total, there were 151 core samples with blue epoxy resin to highlight porosity and stained with Alizarin Red S and potassium ferricyanide for the simple recognition of carbonate minerals (dolomites, ferroan calcite and nonferroan calcite). The amounts of detrital and diagenetic components, porosity and pore types, as well as intergranular volume, were determined by pointcounting (at least 300 points per slide). Thin sections were photographed using a Leitz incident light microscope to take digital measurements of mean grain size, grain sorting and grain roundness.
Cathodoluminescence (CL) analysis of 20 polished thin sections were conducted using a Technosyn cold cathode luminoscope with the acceleration voltage of 20 kV, 200-400 mA to provide insights into cementation, grains and timing of cementation [38] . Twenty core samples were selected for scanning electron microscope (SEM) to confirm the clay minerals types, petrography texture and to determine the pore structure. 
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The Jurassic Mengyin Formation (J 3 m) in the Gaoqing area are important hydrocarbon producing layers, with current burial depth reaching up to 900-2500 m. During the deposition of the Mengyin Formation (J 3 m), the braided delta front deposition was widely developed in the low accommodation space due to the semi-arid-humid climate in the Gaoqing area [37] . The braided rivers channel sand bodies were characterized by poor lateral continuity and high degree of mutual cutting. The deposits of Mengyin Formation (J 3 m) are dominated by greyish fine-grained sandstones with interbedded mudstones or siltstones ( Figure 1D ).
Material and Methods
In total, there were 151 core samples with blue epoxy resin to highlight porosity and stained with Alizarin Red S and potassium ferricyanide for the simple recognition of carbonate minerals (dolomites, ferroan calcite and nonferroan calcite). The amounts of detrital and diagenetic components, porosity and pore types, as well as intergranular volume, were determined by point-counting (at least 300 points per slide). Thin sections were photographed using a Leitz incident light microscope to take digital measurements of mean grain size, grain sorting and grain roundness.
Cathodoluminescence (CL) analysis of 20 polished thin sections were conducted using a Technosyn cold cathode luminoscope with the acceleration voltage of 20 kV, 200-400 mA to provide insights into cementation, grains and timing of cementation [38] . Twenty core samples were selected for scanning electron microscope (SEM) to confirm the clay minerals types, petrography texture and to determine the pore structure.
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Fluid inclusion microthermometry was performed on 44 samples using an Axio Imager D1m microscope attached to a LinkhamTHM600 heating-freezing stage (minimum trapping temperatures and salinities), using the ice melting/salinity conversion tables of Bodnar (1993) [39] .
High Pressure Mercury Injection (HPMI) was conducted on 39 core plug samples (2.5 cm in diameter and 1 cm in length). A mercury porosimeter was used to generate pressure high enough (163.82 MPa, 23758.62 Psi) to force the mercury into interconnected pores larger than 0.004489 µm.
Numerical modelling was served to simulate the porosity evolution using PetroMod software (version 2012) by considering the compaction, thermal and effective stress history of sandstones. The model was calibrated to match present reservoir properties (porosity and permeability) using routine core analysis data.
Results

Mineralogical Composition and Textures of Sandstones
The studied types of rocks are classified as sandstones with a clastic texture. They are mainly categorized as lithic arkose and rarely feldspar litharenite subarkose ( Figure 3 and Table 1 ). Quartz is in the range from 22% to 51%, with an average of 35.74%. The content of feldspar varies from 17% to 44% (average 36.62%) and mainly consists of potassium feldspars and plagioclase feldspars. Rock fragments make up 15-56% (average 27.32%) of the sandstones, consisting mainly of volcanic lithic fragments and metamorphic lithic fragments. Only minor amounts of sedimentary lithic fragments (average 1.45%) can be observed in the sandstones. According to the petrographic analysis of thin sections and scanning electron microscopy (SEM), evidences indicative of strong compaction in the sandstones are abundant, including orientation of detrital particles, long contacts, bending of mica and fracturing of detrital grains ( Figure 4A ,B,E). The ductile rock fragments are generally deformed and sometimes squeezed to pseudomatrix between The median grain sizes of the samples from Mengyin Formation ranges from clay to coarse sand ( Table 2 ). The majority of the samples comprise silty to medium sandstones ( Table 2 ). The sediments are mainly of finer grain size with an average median grain size of 198 µm. The sandstones are moderately to poorly sorted. 
Petrographic Features and Diagenesis
Compaction
According to the petrographic analysis of thin sections and scanning electron microscopy (SEM), evidences indicative of strong compaction in the sandstones are abundant, including orientation of detrital particles, long contacts, bending of mica and fracturing of detrital grains ( Figure 4A ,B,E). The ductile rock fragments are generally deformed and sometimes squeezed to pseudomatrix between rigid grains, destroying the original porosity significantly. The pressure dissolution and quartz overgrowth along the contacts of detrital quartz grains can be also observed, which are evidences of chemical compaction of deep buried sandstones ( Figure 4D ,F). The compaction degree in Mengyin Formation sandstones is strong in most of the samples, while in a few fine-grained sandstone samples adjacent to the regional uncomformity compaction is limited due to pervasively eogenetic carbonate cementation ( Figure 4C ). 
Cementation
The cementation in reservoir rocks of Mengyin Formation is complex and diverse, including carbonates, quartz and authigenic clay minerals.
Carbonate cements are common in reservoirs rocks of the Mengyin Formation, and there are three stages of cementation according to petrographic analysis of thin sections and cathode luminescence (Figures 4C and 5A-C). The early stage of carbonates mainly occurred as calcite and dolomite cements, and the mechanical compaction is limited due to the increase in pressureresistance ( Figure 5A ), which suggests the calcite and dolomite cements was eogenetic (precompactional) in origin. Early stage carbonate cements are generally completely or partially dissolved, so very little remains in the sandstone. The mid stage of carbonates occurred as pore-filling calcite (0-22.2, average 3.01%), which is the most abundant cement in Mengyin Formation sandstones of the study area (Figures 4D,F and 5B,C). The late stage of carbonates occurred as scattered patchy ferroan-calcite and ferroan-dolomite, or forms overgrowths on corroded or replaced calcite and dolomite cement and thereby post-dates the mid-stage calcite cement ( Figures 4C and 5C ).
Quartz cements occur only sporadically, generally as euhedral, syntaxial overgrowths around detrital quartz grains supported by thin sections, CL and SEM images (Figures 4D,F and 5C,D). Authigenic quartz microcrystals also grows into dissolved pores, including intragranular K-feldspar dissolved pores and intergranular dissolved pores, which suggest that the material source of quartz microcrystals may be derived from dissolution of K-feldspar.
The constituents of clay minerals are kaolinite, illite, smectite and illite/smectite mixed layers. Kaolinite mainly occurs as clusters of pore-filling small booklets accompanied by dissolution ( Figure  5F ). In the SEM, illite commonly grows on the surface of quartz particles and occurs as honeycomb texture, suggesting that authigenic smectite was diagenetically altered into fibrous illite ( Figure 5E ). The fibrous illite, growing on detrital grains, constituted pore-lining and bridges pores between individual grains which increased throat curvature and deteriorated reservoir quality, especially 
Carbonate cements are common in reservoirs rocks of the Mengyin Formation, and there are three stages of cementation according to petrographic analysis of thin sections and cathode luminescence (Figures 4C and 5A-C). The early stage of carbonates mainly occurred as calcite and dolomite cements, and the mechanical compaction is limited due to the increase in pressure-resistance ( Figure 5A ), which suggests the calcite and dolomite cements was eogenetic (pre-compactional) in origin. Early stage carbonate cements are generally completely or partially dissolved, so very little remains in the sandstone. The mid stage of carbonates occurred as pore-filling calcite (0-22.2, average 3.01%), which is the most abundant cement in Mengyin Formation sandstones of the study area ( Figure 4D ,F and Figure 5B ,C). The late stage of carbonates occurred as scattered patchy ferroan-calcite and ferroan-dolomite, or forms overgrowths on corroded or replaced calcite and dolomite cement and thereby post-dates the mid-stage calcite cement ( Figures 4C and 5C ).
Quartz cements occur only sporadically, generally as euhedral, syntaxial overgrowths around detrital quartz grains supported by thin sections, CL and SEM images ( Figure 4D ,F and Figure 5C ,D). Authigenic quartz microcrystals also grows into dissolved pores, including intragranular K-feldspar dissolved pores and intergranular dissolved pores, which suggest that the material source of quartz microcrystals may be derived from dissolution of K-feldspar.
The constituents of clay minerals are kaolinite, illite, smectite and illite/smectite mixed layers. Kaolinite mainly occurs as clusters of pore-filling small booklets accompanied by dissolution ( Figure 5F ). In the SEM, illite commonly grows on the surface of quartz particles and occurs as honeycomb texture, suggesting that authigenic smectite was diagenetically altered into fibrous illite ( Figure 5E ). The fibrous illite, growing on detrital grains, constituted pore-lining and bridges pores between individual grains which increased throat curvature and deteriorated reservoir quality, especially permeability. Illite/smectite mixed layers are ubiquitous in the sandstones, growing around the detrital grains. permeability. Illite/smectite mixed layers are ubiquitous in the sandstones, growing around the detrital grains. 
Dissolution
Diagenetic features of dissolution are frequently detected under microscopic observations, forming high abundance of secondary dissolved pores with various types and geometries ( Figure  6A -F). The secondary dissolved pores make up more than 85% of the total pore volume. Moreover, the constituents of secondary dissolved pores are intragranular dissolved pores of chemically unstable grains and intergranular dissolved pores of carbonate cements. Feldspars are commonly dissolved along the grain edges or cleavage surfaces, forming large amounts of intragranular pores or even moldic pores ( Figure 6B ,C). The extensive dissolution of feldspars is especially frequent in feldspar-rich sandstones under unconformity and it is the main contributor of secondary porosity. Extensive dissolution of detrital grains and carbonated cements related with micro-fractures occurred occasionally in sandstones ( Figure 6E ,F). This indicates that the micro-fractures can promote dissolution and contribute a significant improvement to reservoir quality.
In general, the modification of dissolution would significantly broad ranges of pore throats size distribution, reshape pore structure and improve connectivity of pore system, and therefore, is an important porosity-enhancing factor in Mengyin Formation sandstones. The secondary dissolved pores make up more than 85% of the total pore volume. Moreover, the constituents of secondary dissolved pores are intragranular dissolved pores of chemically unstable grains and intergranular dissolved pores of carbonate cements. Feldspars are commonly dissolved along the grain edges or cleavage surfaces, forming large amounts of intragranular pores or even moldic pores ( Figure 6B ,C). The extensive dissolution of feldspars is especially frequent in feldspar-rich sandstones under unconformity and it is the main contributor of secondary porosity. Extensive dissolution of detrital grains and carbonated cements related with micro-fractures occurred occasionally in sandstones ( Figure 6E ,F). This indicates that the micro-fractures can promote dissolution and contribute a significant improvement to reservoir quality.
In general, the modification of dissolution would significantly broad ranges of pore throats size distribution, reshape pore structure and improve connectivity of pore system, and therefore, is an important porosity-enhancing factor in Mengyin Formation sandstones.
Macroscopic Petrophysical Properties
The reservoir rocks of the Mengyin Formation in the study area are characterized by "shallow burial and low porosity", that is, the current burial depth is relatively shallow (900-2500 m), but the physical property is of low porosity and low permeability according to the routine rock properties measurements. The porosity of the sandstones of the Mengyin Formation ranges from 1% to 35%, with an average of 14.03%, whereas the measured air permeability ranges from 0.01 to 317 mD with an average of 2.93 mD.
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The porosity and permeability (on a logarithmic scale) of the Mengyin Formation have a good linear relationship, but there seems to be no obvious difference in poroperm characteristics between different lithology ( Figure 7) . That is to say, due to diagenetic modification, the sedimentary heterogeneity is weakened, whereas the diagenetic heterogeneity is enhanced. 
The porosity and permeability (on a logarithmic scale) of the Mengyin Formation have a good linear relationship, but there seems to be no obvious difference in poroperm characteristics between different lithology (Figure 7) . That is to say, due to diagenetic modification, the sedimentary heterogeneity is weakened, whereas the diagenetic heterogeneity is enhanced. 
Pore Systems
The microscopic pore structure plays a critical role in pore fluid seepage and enhancing oil recovery [15, [41] [42] [43] . The microscopic pore structure in the Mengyin Formation sandstones is characterized by strong heterogeneity with large variations in pore and throat size ranging from nano-scale to mm-scale. According to the experimental parameters of high-pressure mercury injection (HPMI), the pore structure of the Mengyin Formation sandstones can be generally divided into four types (Figure 8 ) and there are marked differences in the size and distribution of various 
The microscopic pore structure plays a critical role in pore fluid seepage and enhancing oil recovery [15, [41] [42] [43] . The microscopic pore structure in the Mengyin Formation sandstones is characterized by strong heterogeneity with large variations in pore and throat size ranging from nano-scale to mm-scale. According to the experimental parameters of high-pressure mercury injection (HPMI), the pore structure of the Mengyin Formation sandstones can be generally divided into four types (Figure 8 ) and there are marked differences in the size and distribution of various types of pore throats. To figure out the pore structure characteristics of Mengyin Formation sandstones, the plot of pore throat size distribution and permeability distribution is used to gain insight into the pore size, pore size distribution and contribution to permeability of different pore throats ( Figure 8 ). As can be seen, the micro pore throats (pore throats radius smaller than 0.5 µm) can be detected in the all four kinds of pore structures. This reveals that the micro pore throats are ubiquitous in the sandstones, which is largely related to the pervasive existence of clay minerals or partially dissolved detrital grains [15] . The pore throat distribution of sandstones with favorable reservoir quality (permeability larger than 5 mD), such as type A and type B, exhibit bimodal distribution features (Figure 8 ). The pore throat radius and pore throat volume of large pore throat in type A are larger than Type B, and the permeability is significantly higher than that of type B. This indicates that the large pore throats profoundly control the permeability and reservoir quality. The pore throats of both type C and D are characterized by single peak distribution, but the type D is mainly composed of small pore throats. According to the contribution to permeability of various pore throats, the smaller pore throats contribute little to permeability. Conversely, the relatively larger pores make a significant contribution to permeability even if they account for a small proportion of the total pore volume. The micro pores are generally believed to be isolated and disconnected (Figure 9c) [44, 45] , and small pores are connected by narrow neck or pipe shaped throats due to the superposition of strong compaction and carbonate cementation (Figure 9b ). Conversely, large pores, mainly consisting of residual primary pores and large dissolved pores, are basically connected by broad throats (Figure 9a ) [46, 47] . 
Discussion and Interpretation
Diagenetic Evolution Sequence
The diagenetic evolution sequence can be broadly related to three important phases in the basin evolution: (1) early burial phase; (2) uplift and meteoric flushing phase; (3) stable reburial phase. These phases are highly influenced by burial pathway and tectonic activities, and variable diagenesis and diagenetic alterations occurred at these phases and induced various patterns and scales of heterogeneity in pore systems and reservoir quality.
Early Burial Phase
The semiarid climate and pore water with high salinity in the Dongying Depression during the Upper Jurassic was favorable for the precipitation of early carbonate cement. Eogenetic carbonate cemented before extensive compaction and could support the rock skeleton, thus, resisting compaction and help to preserve reservoir quality [2] (Figure 9 ). Moreover, the eogenetic cements can provide material basis for the subsequent dissolution, which is crucial to original pores preservation and dissolved pores development. Early mechanical compaction plays a critical role in reducing the original porosity during the progressive burial, especially in those poorly sorted sandstones with high content of ductile lithic fragments or mudstone matrix. With the increase of burial depth (>2.5 km) and paleogeotemperature (>70 • C), pressure dissolution may be significant enhanced and provide important silica sources for precipitation of subsequent quartz cementation, which would cause severe porosity reduction [48] .
Uplift and Meteoric Flushing Phase
The strata of the Gaoqing Area were uplifted and eroded due to the Yanshan movement in the late Cretaceous, thus, the Mengyin Formation entered a prolonged weathering and leaching period (Figure 9 ). Feldspar and eogenetic carbonate cements were extensively dissolved in those well-sorted sandstones that are characterized by well-preserved primary porosity. The long duration of meteoric water flushing and percolation contributed to significant increase in secondary porosities, thus, broadly enhancing the reservoir quality. The extensive dissolution of chemically unstable silicates may also cause a nearby precipitation of microcrystalline quartz and booklet-like kaolinite aggregates ( Figure 5D ,F), both of which will occlude the secondary pore and throats and destroy the reservoir properties [20] . Atmospheric fresh water leaching plays an important role in the development of secondary pores in oil-bearing basins [49] , and is a key factor for the improvement of reservoir properties.
Stable Reburial Phase
The chemically unstable minerals would be dissolved in diagenetic environment dominated by organic acid, generating secondary pores with black edge of bitumen. The organic-acid-rich fluids accompanied with the charging of hydrocarbon is suggested to turn the Fe 3+ generated by the transformation of clays to Fe 2+ [22] . As the burial depth increased and the organic acid concentration gradually decreased, the Fe 2+ in the pore fluid may combine with Mg 2+ and Ca 2+ , forming late ferroan-calcite and ferroan-dolomite. The ferroan-carbonates generally occurred as replaced calcitic or dolomitic cements in secondary pores with black edge of bitumen and hence have no obvious influence on reservoir quality.
Diagenetic Alteration Relations and Burial History Curve
The tectonic uplift of Gaoqing Area stopped gradually since Neogene, when the sandstones of the Mengyin Formation were stably buried for a second time ( Figure 10 ). In the early reburial phase, with the increase of burial depth and paleogeotemperature, the oversaturated Ca 2+ generated by the dissolution of feldspar and early carbonate cements precipitated in pores with poor connectivity to form mesogenetic partial to pervasive carbonate cements. The mesogenetic carbonate cements are generally well preserved in the sandstones, only minor cements are dissolved, thus, they cause severe occlusion of pores and throats. The fine-grained sandstones are commonly prone to extensive mesogenetic carbonate cementation, due to the limited fluid flow through rocks. The conversion of smectite formed at low temperature to illite stable at high temperatures during mesodiagenesis may broadly result in reduction of permeability and increase in tortuosity of pore throats [9] , since the illite commonly occurred as pore-lining or pore-bridging curving flakes with irregularly ragged edges.
Two episodes of charging and accumulation of hydrocarbon derived from the Shahejie Formation (Es) source rocks can be identified according to the petrographic analysis and homogeneous temperature measurements of fluid inclusion (Figure 11 ). The homogeneous temperature of brine inclusions accompanied by hydrocarbon organic inclusion ranging from 60 • C to 65 • C indicate the first episode of charging and accumulation of hydrocarbon, corresponding to the Late Paleogene. Furthermore, the second episode of charging and accumulation of hydrocarbon occurred during the Late Neogene, corresponding to the homogeneous temperature of 70-75 • C. However, due to the uplift of the strata caused by the tectonic movement during the Late Paleogene, the hydrocarbon generation process of source rocks was stagnated. Therefore, the oil generation in the first period was limited, and the mudstone cap layer of the Guantao Formation (Ng) had not been formed at this time, thus, it was difficult to accumulate large scale reservoirs. The formation of oil reservoirs in the Gaoqing Area were mainly attributed to the second period of charging and accumulation of hydrocarbon. occurred during the Late Neogene, corresponding to the homogeneous temperature of 70-75 °C. However, due to the uplift of the strata caused by the tectonic movement during the Late Paleogene, the hydrocarbon generation process of source rocks was stagnated. Therefore, the oil generation in the first period was limited, and the mudstone cap layer of the Guantao Formation (Ng) had not been formed at this time, thus, it was difficult to accumulate large scale reservoirs. The formation of oil reservoirs in the Gaoqing Area were mainly attributed to the second period of charging and accumulation of hydrocarbon. 
Relationship between Compaction and Porosity under High Geothermal Gradient
The permeability in Mengyin Formation sandstones is mainly controlled by the relatively large pores. Therefore, the preservation of the primary pores after the compaction and cementation processes and the generation of secondary pores are the key controlling factors for the reservoir properties. Compaction, including mechanical and chemical compaction, has been considered as the 
The permeability in Mengyin Formation sandstones is mainly controlled by the relatively large pores. Therefore, the preservation of the primary pores after the compaction and cementation processes and the generation of secondary pores are the key controlling factors for the reservoir properties. Compaction, including mechanical and chemical compaction, has been considered as the most profound factors in reducing primary porosity during the early diagenetic stage [9, 21, 44] . The diagram introduced by Houseknecht (1987) [50] , which plots cement percentage versus intergranular volume (IGV) percentage, can be served to investigate the relative contribution of compaction and cementation to porosity loss. The intergranular volume in the study area is in the range of 1.02-31.49%, with an average of 8.61%. The diagram indicates that compaction is more important than cementation in reducing porosity, with the exception of a few fine-grained samples (Figure 12 ). These fine-grained sandstone samples are mostly adjacent to mudstones and the regional uncomformity, carbonates were extensively cemented, which may be the precipitation of over-saturated Ca 2+ derived from extensive dissolution of silicates or discharged from nearby mudstone during compaction. 
The permeability in Mengyin Formation sandstones is mainly controlled by the relatively large pores. Therefore, the preservation of the primary pores after the compaction and cementation processes and the generation of secondary pores are the key controlling factors for the reservoir properties. Compaction, including mechanical and chemical compaction, has been considered as the most profound factors in reducing primary porosity during the early diagenetic stage [9, 21, 44] . The diagram introduced by Houseknecht (1987) [50] , which plots cement percentage versus intergranular volume (IGV) percentage, can be served to investigate the relative contribution of compaction and cementation to porosity loss. The intergranular volume in the study area is in the range of 1.02-31.49%, with an average of 8.61%. The diagram indicates that compaction is more important than cementation in reducing porosity, with the exception of a few fine-grained samples (Figure 12 ). These fine-grained sandstone samples are mostly adjacent to mudstones and the regional uncomformity, carbonates were extensively cemented, which may be the precipitation of over-saturated Ca 2+ derived from extensive dissolution of silicates or discharged from nearby mudstone during compaction. Compaction plays a critical role in pore loss of Mengyin Formation sandstones due to the high geothermal gradient in Bohai Bay Basin, which may reach 4.04-5.25 • C/100 m in Mesozoic. The geothermal gradient greatly influenced the pressure-resistance ability of sandstones by controlling the buried palaeogeothermal. With the increase of paleogeothermal temperature, rocks are more likely to suffer ductile deformation during burial process, thus, undergoing more intense porosity reduction.
In order to figure out how compaction influences porosity during the long burial history, the pore evolution process is simulated based on one-dimensional (1D) thermal history modeling module of Petromod 2012. The original porosity of sandstone has a good correlation with the separation coefficient [51] , which can be used to calculate the original porosity of sandstone quantitatively. 
where ϕ 0 is the primary porosity of sandstones and S 0 is the sorting coefficient of detrital grains. The 1D model can be used to simulate the residual porosity evolution during the burial history of the sandstones [52] . Moreover, the present-day reservoirs quality is used to optimize the model parameters [53] . Results show that the deep burial of sandstone occurred during the early Cretaceous, during which the maximum paleotemperature reached up to 140 • C and the thermal compaction effect was significant. The paleotemperature of the sandstones above 70 • C lasted for 48 Ma, and the paleotemperature above 90 • C lasted for 32 Ma (Figure 2 ). Although the maximum recovered burial depth of Mengyin Formation is 2700 m, the reservoir rocks have undergone significant thermal exposure (temperature integrated over time) due to the high geothermal gradient and prolonged deep buried time, resulting in significant loss in porosity and permeability during the early burial stage. The pore loss of Mengyin Formation sandstones can reach about 20.2% (Figure 13 ) according to the simulation results. Additionally, the increasing paleotemperature also induced the pressure dissolution along the contacts between quartz grains and sourced for quartz cement precipitation [9] , which enhanced the pore loss during deep buried diagenesis, since the solubility generally increase exponentially with temperature [20, 54] . Therefore, under the background of high paleogeothermal gradient, the early burial process of deep burial is the main cause of low porosity. The early stage of pore structure of low porosity resulted in a relatively closed water-rock reaction system, which had a significant influence on the subsequent diagenetic modifications, including cementation and dissolution. The subsequent burial diagenetic alterations were primarily constrained by the extent of fluid flow through the remaining pore system [9] . The flow of pore fluid was partially blocked due to the relative closed diagenetic system. The dissolution reaction degree was weak; moreover, the products of dissolution were difficult to be expelled timely. In the presence of suitable temperature and pH value conditions, the dissolution products tend to be precipitate in pore spaces with relatively closed diagenetic environments, further forming dense cementation layers. 
Uncomformity and Its Effect on the Reservoir Quality
Dissolution is commonly for sandstones influenced by active meteoric water percolation, and is still the most important porosity-enhancing factor in Mengyin Formation. Based on the mechanism of the dissolved pores, the main source of acidic fluids required for dissolution is carbonic acid dissolved in atmospheric fresh water.
The strata of the Gaoqing area were uplifted and eroded due to the Yanshan movement in the late Cretaceous, thus, the Mengyin Formation was subjected to a prolonged weathering and leaching period. The atmospheric fresh water containing CO2 percolated into pore system of the Mengyin Formation, which caused the dissolution of acid soluble components such as feldspar and carbonate cement. The abundant chemically unstable silicates in Mengyin Formation sandstones, such as feldspar (average 36.62%), are very favorable for the generation of secondary pores. The presence of kaolinite as clusters of small booklets in dissolved pores are largely resulted from dissolved feldspar. Moreover, the authigenic euhedral quartz could be detected under SEM observations, growing into secondary pore space, which is also an evidence of extensive dissolution. According to thin section porosity statistics, the thin section porosity of dissolved pores is negatively correlated with the distance from top unconformity of the Mesozoic, which indicate that dissolution is greatly influenced by unconformity (Figure 14a,b) . Given the evolution pathway of pores under thermal compaction, the secondary porosity can be identified (Figure 15 ). The secondary porosity also exerts 
The strata of the Gaoqing area were uplifted and eroded due to the Yanshan movement in the late Cretaceous, thus, the Mengyin Formation was subjected to a prolonged weathering and leaching period. The atmospheric fresh water containing CO 2 percolated into pore system of the Mengyin Formation, which caused the dissolution of acid soluble components such as feldspar and carbonate cement. The abundant chemically unstable silicates in Mengyin Formation sandstones, such as feldspar (average 36.62%), are very favorable for the generation of secondary pores. The presence of kaolinite as clusters of small booklets in dissolved pores are largely resulted from dissolved feldspar. Moreover, the authigenic euhedral quartz could be detected under SEM observations, growing into secondary pore space, which is also an evidence of extensive dissolution. According to thin section porosity statistics, the thin section porosity of dissolved pores is negatively correlated with the distance from top unconformity of the Mesozoic, which indicate that dissolution is greatly influenced by unconformity (Figure 14a,b) . Given the evolution pathway of pores under thermal compaction, the secondary porosity can be identified (Figure 15 ). The secondary porosity also exerts heterogeneous distribution at different regions in study area. The secondary pores are more abundant in regions that have been subjected to prolonged flushing by meteoric waters. Therefore, the regional unconformity exerts crucial control on secondary porosity, which in turn influence the reservoir quality. The uplift of the basin was a depressure process of the strata, which provides conditions for the sand body rebound. The physical simulation experiment of sand rebound presented by Jiang (2004) showed that the maximum rebound volume of sand body caused by stratum uplift could reach 1% [55] . The preservation and increase of pore volume can provide favorable conditions for acidic fluid to flow through sandstone, and in turn promote dissolution.
Fault Activity and Its Controls on Hydrocarbon Distribution
The activities of the Gaoqing fault and its derived faults induced micro-fractures in adjacent reservoir rocks. The fractures are the main pathways that connected meteoric water and deep-buried sandstones, and thus, increase the permeability by several orders of magnitude by meteoric flushing, which would greatly improve the seepage capacity and enhance the heterogeneity of reservoir rocks. In addition, as the main oil source fault of study area, the Gaoqing fault profoundly controls the hydrocarbon accumulation and migration in the study area [23] . According to the moving velocity analysis of seismic traces, the activity of Gaoqing fault started at Ek-Es4, and the intensity reached the peak at Es3-Es2 ( Figure 16 ). After that, the intensity of fault activity gradually decreased. It can be seen that the Gaoqing fault remained active during hydrocarbon charging. Thus, the Gaoqing fault was served as the dominating vertical migrated pathway for hydrocarbon originated from source rocks in the downdropped block ( Figure 17 ). The J 3 m sandstone thickness with hydrocarbon indication and the height of oil column both show a strong negative correlation with the distance from the oil source fault ( Figure 18 ). Therefore, the reservoir rocks closer to the Gaoqing fault are more likely to be enriched in oil and gas.
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Conclusions
With the comprehensive analysis of petrographic characteristic, diagenesis and reservoir quality at macro and micro scales, this study provides important insight into the understanding of the controls and mechanism of the Upper Jurassic Mengyin Formation sandstones and valuable for the comprehensive reservoir characterization and reservoir properties prediction in the Dongying Depression.
During lengthy geological history, the sandstones of the Upper Jurassic Mengyin Formation experienced three burial and uplift episodes in basin evolution. Correspondingly, the diagenetic evolution sequence can be broadly related to three important phases. During early burial phase, sandstones were subjected to eogenetic carbonate cementation, which is believed to play an important role in original pores preservation and subsequent dissolution. Initial deep burial under high paleogeothermal gradient caused a significant porosity loss, which averaged out to about 20%. Uplift in the late Cretaceous resulted in meteoric flushing in Mengyin Formation sandstones, forming dissolved secondary pores of feldspar and carbonate cements accompanied with precipitation of kaolinite and syntaxial quartz crystals. Thin section porosity of dissolved pores shows a significant negative correlation with distance from top unconformity of the Mesozoic. Dissolution have been the most important porosity enhancing factor during reservoir quality evolution. The extensive compaction in sandstones also resulted in extremely low pore fluid flow, thus, the reaction products of dissolution cannot be removed, which would be precipitated as carbonate cements during a stable reburial phase. The mid-stage carbonate cements are generally well preserved in the sandstones, only minor cements are dissolved by organic rich acid from hydrocarbon charging, thus, they largely destroy the reservoir quality.
Due to the strong modifications by diagenesis and tectonics, the links between sedimentary setting and diagenetic processes have been weakened. Hence, the reservoir quality variations between different lithology are complicated and heterogeneous. The prediction of reservoir quality requires the basis of burial history (effective stress and temperature), uncomformity-related meteoric water flushing and fault activity. Among them, the main influential factor of reservoir quality is the burial pathway and compaction degree during the lengthy history. The present burial depth has a poor guidance on reservoir quality in these sandstones in Bohai Bay Basin of eastern China, which have undergone early deep burial under high paleogeothermal gradient. 
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